Background: Skeletal related events (SREs) are common in men with metastatic prostate cancer (mPC). Various methods have been used to identify SREs from claims data. The objective of this study was to provide a framework for measuring SREs from claims and compare SRE prevalence and cumulative incidence estimates based on alternative approaches in men with mPC.
Background
The skeleton is the most common site of metastasis in patients with advanced solid tumors [1, 2] . Approximately 65-75 % of patients with advanced prostate or breast cancer develop bone metastasis during the course of their disease [3] . Randomized clinical trials (RCTs) have demonstrated that malignant bone lesions resulting from metastatic cancer have significant clinical consequences that contribute substantially to the burden of disease and reduce quality of life [4] [5] [6] [7] . These clinical consequences, known as bone complications, also commonly referred to as skeletal related events (SREs), include pathologic fracture (PF), spinal cord compression (SCC), bone palliative radiotherapy (RAD), and bone surgery (BS).
The Food and Drug Administration (FDA) has designated SREs as a measurable composite endpoint allowing investigators to evaluate efficacy of drugs to prevent SREs [8] . Zoledronic acid and, more recently, denosumab have been approved by the FDA for the prevention of SREs based on delaying their onset [9] . When measuring SREs in RCTs to assess clinical burden, a 21-day window for counting events was imposed whereby any SRE occurring within 21 days of a previous one was not counted as a new SRE. This approach is clinically meaningful in the context of a RCT for establishing efficacy because individual SREs may be serially interdependent. For example, a bone surgery performed to treat a spinal cord compression event that occurred within 21 days of the bone surgery is considered a single SRE.
Studies using administrative claims data have also demonstrated that patients with bone metastasis and SREs have high utilization of healthcare resources and high associated costs [10] [11] [12] [13] [14] [15] [16] . Contrary to RCTs, where measuring SREs is supported by radiologic evaluations and frequent patient follow up in a prospective fashion, it is less clear how investigators can accurately identify SREs from claims data. There are multiple ways in which investigators have identified SREs using administrative claims, ranging from approaches that maximized sensitivity of SRE measures to methods that aimed at higher specificity for specific SRE subtypes [11] [12] [13] [14] [15] [16] [17] [18] [19] (Fig. 1) . Moreover, the potential for misclassification may differ across subcomponents of SREs when using claims data to identify the occurrence of an SRE. The accurate identification of an SRE depends on a reliable approach for identifying both the occurrence of SRE subcomponents and their sequencing. accepted from a regulatory standpoint by the FDA and applied in RCTs [20] [21] [22] . It is not clear whether the 21-day window used in RCTs is appropriate for identifying unique SREs when using claims data. Given the variability in the methods for studying SREs using claims data, we undertook the present study in an effort to better understand and clarify the impact of the various approaches used in the identification of SREs from administrative claim datasets. In particular, in this paper we focus on the measurement of SRE prevalence and cumulative incidence, both of which are commonly measured in administrative claims data to answer clinical and economic questions. We address SRE measurement issues by analyzing two relevant questions. First, what are the most appropriate and relevant claims to use to identify SREs? Second, given the claims used, what is the time period during which claims should be clustered to represent one SRE episode? The potential for overestimation or underestimation of SRE measures is a function of the claims used and/or the time period used to cluster the claims. For cumulative incidence, we adopted the RCT 21-day window as the base case and provide alternative measures by varying the window length. The goal of this study is to provide a framework for measuring SREs from claims and compare SRE prevalence and cumulative incidence estimates based on alternative measurement approaches using metastatic prostate cancer (mPC) as a case study.
Methods

Data sources and sample selection
We estimated and compared prevalence and cumulative incidence of SREs using the Surveillance, Epidemiology, and End Results (SEER)-Medicare linked datasets. This database links information from the National Cancer Institute's SEER cancer registries and the Centers for Medicare and Medicaid Services Medicare claims data. The SEER program collects cancer incidence and mortality rates from 17 tumor registries across the U.S. covering 28 % of the U.S. population (http://seer.cancer.-gov/registries/data.html). The SEER data provides clinical, demographic, and cause of death information for patients diagnosed with cancer. In 2011, Medicare covered 93 % of the U.S. population aged 65 years or older [23] . Medicare claims provide information on covered health care services, including diagnosis and treatment services, which are furnished to Medicare beneficiaries from the time of Medicare eligibility until death.
This study included incident cases of mPC among patients aged 66 years or older diagnosed between 2000 and 2009. The study period ended upon health maintenance organization (HMO) enrollment, Medicare Parts A and B disenrollment, the patient's death or December 31, 2010 (whichever occurred earlier). Patients were required to have continuous enrollment in Medicare Parts A/B in the year prior to mPC diagnosis in order to assess baseline Charlson comorbidity index (CCI) in the year prior to mPC diagnosis. Patients were excluded from the final sample if they had history of cancer in the five years prior to mPC diagnosis, if their diagnosis month or year was unknown, or if they received a post mortem prostate cancer diagnosis. Patients with an SRE claim prior to mPC diagnosis were also excluded since we were interested only in SREs that were subsequent to mPC diagnosis.
Measures
Step One: SRE prevalence measure Post-diagnosis SREs were identified using claims that indicated PF, SCC, RAD, or BS. SRE types can be viewed either as clinical events (i.e., PF and SCC) or treatment events that can be administered to prevent a potential event or treat a preceding clinical event (i.e., RAD or BS). Claims involving SREs can be identified from two sets of codes; the International Classification of Diseases 9th version Clinical Modification (ICD-9-CM) and the Healthcare Common Procedure Coding System (HCPCS). The ICD-9-CM is the official system of assigning codes to hospital-related diagnoses and procedures in the US. The HCPCS is a set of health care procedure codes based on the American Medical Association's Current Procedure Terminology. We identified clinical events (PF and SCC) using ICD-9-CM diagnosis codes and treatment events (RAD and BS) using ICD-9-CM procedure codes and HCPCS codes.
There is some uncertainty associated with identifying SREs from claims because not all SREs can be specifically identified from claims. Therefore, for each SRE, with the exception of BS (since claims for this were clearly indicative of a bone surgical procedure), we created two lists of ICD-9-CM and HCPCS codes that indicated the presence of that SRE subtype. The first list included ICD-9-CM and HCPCS codes that were highly likely to identify SREs (a 'high specificity' list), but which could potentially result in underestimating SREs. The second list included additional ICD-9-CM and HCPCS codes that could identify additional SREs but may not necessarily be as specific to the SRE type (a 'high sensitivity' list), and therefore had the potential to overestimate SREs. Both lists were reviewed by a medical oncologist and a radiation oncologist until consensus was reached (see Appendix for details). From the 'high specificity' and 'high sensitivity' lists, we created two SRE definitions. We propose a 'base case' SRE definition and provide an 'alternative' SRE definition by targeting either sensitivity or specificity, depending on the SRE type.
For PF, the 'high specificity' list included only ICD-9-CM Codes (733.1X) that specifically indicated "pathologic fracture" on the claim, whereas the 'high sensitivity' list used codes indicating a pathologic fracture or "other fracture" to maximize the identification of all fractures that may have occurred due to cancer. This also accounts for the miscoding potential commonly seen in measuring fractures [24] . However, with the exception of falls on the same level, we excluded "other fracture" if it was associated with accidents or falls within 14 days before the fracture because such fractures are more likely to be associated with the preceding accident or fall instead of weakening of the bone due to cancer. Falls on the same level from routine activities, such as walking or getting out of bed, were included in the study since they are more likely to have been caused by a weakening of the bone due to cancer rather than having been caused by the fall itself. The 14-day window used in the definition of a PF has been used previously by other investigators [11, 13, 14, 17, 19] . The 'base case' SRE definition used the PF 'high sensitivity' list because medical offices may use "other fracture" codes instead of the more specific "pathologic fracture" codes to indicate a pathologic fracture [24] .
For SCC, the 'high specificity' list included codes that are commonly and specifically used in the literature to identify SCC, which include unspecified disease of spinal cord ICD-9-CM code 336.9 and HCPCS codes specific to relieving pressure or decompression of the spinal cord. In addition to these codes, the 'high sensitivity' list included claims that indicated less specific codes that may or may not indicate an SCC event, such as spondylosis with myelopathy or intervertebral disc disorder with myelopathy. The 'base case' SCC definition used the 'high specificity' list since many of the procedures in the 'high sensitivity' list were not specific to SCC treatment.
For the RAD measure, in Medicare claims there is no indication as to whether radiation is administered to the bone, to the primary cancer site (prostate gland) or to both sites. Therefore, in an attempt to better characterize the RAD measure for the purposes of the present study, we categorized this measure by the type of radiation administered, opting for radiation that is more likely to be used for bone palliation compared to local control of disease within the prostate gland. The types of external radiation included in the claims data for men with M1 prostate cancer are: 2-dimensional (2D) and 3-dimensional (3D) radiation, intensity modulated radiation therapy (IMRT), and stereotactic radiosurgery (SRS). Although there may be some outliers, prior to 2009 use of SRS for bone metastasis was negligible, and also likely to be quite low after 2009. Similarly, although IMRT can be used for bone metastasis, its use is still quite uncommon for treating metastatic lesions to the bone even in today's clinical practice. On the other hand, SRS and IMRT are more likely to be used to treat the prostate than the bone (although this cannot be confirmed from claims data) [25] . Thus, based on such assumptions, our 'high specificity' list for radiation to bone included ICD-9-CM and HCPCS codes indicating delivery of 2D or 3D external beam radiation therapy (EBRT) and radioisotope use.
The 'high sensitivity' list, on the other hand, also includes SRS and IMRT, in addition to 2D/3D radiation and radioisotopes. The 'base case' RAD definition used the 'high specificity' list of codes. In summary, the "base case" SRE definition included codes identified under the 'high specificity' lists of RAD and SCC and codes under the 'high sensitivity' list of PF (in addition to all BS codes). The "alternative" SRE definition included codes identified under the 'high specificity' list of PF and codes under the 'high sensitivity' lists of RAD and SCC (in addition to all BS codes).
Step Two: SRE cumulative incidence
Step two requires clustering different SRE claims into SRE episodes to calculate the cumulative incidence. Therefore, a decision had to be made as to which code definition to use for computing the SRE cumulative incidence. We decided to use the base case code definition since it represents the most commonly used approach in the literature. Thus, when counting SREs, we used the 21-day window as the base case since this time period was used in RCTs for measuring SREs. However, this may not be the best approach when using claims since the data capture utilization patterns and it is not clear how to cluster utilization patterns for measuring distinct SREs. Moreover, utilization patterns in the 'real-world setting' may differ from the clinical trial setting in that patients are more likely to delay care compared to those enrolled in RCTs. Further, claims are generated for billing purposes and are not designed to reflect the exact dates of service. Given these caveats, we therefore used time periods that were ±7 days from the base case window.
Analysis
For step one, we estimated the prevalence of SREs using the two SRE definitions. We examined the frequency distributions between sociodemographic, clinical, and prostate cancer-specific factors using the SRE 'base case' and 'alternative' SRE definitions. The second step was conditional on using the 'base case' definition and involved estimating the cumulative incidence of SREs using three time periods, including 14-, 21-, and 28-day windows. All statistical analyses were performed using SAS software package (version 9.3, SAS Institute, Cary, NC).
Results
Characteristics of study sample
The study sample included 8997 mPC patients with a median age of 79 years and observed for a median of 1.5 years (range: 1 day-10 years). Table 1 shows the distribution of other sociodemographic, clinical, and tumor-related characteristics categorized by SRE definition. Among the 8997 mPC patients, 4176 (46 %) experienced an SRE according to the 'base case' SRE definition and 3851 (43 %) patients experienced an SRE according to the 'alternative' SRE definition. The racial/ ethnic composition of the sample was predominantly non-Hispanic White (75 %), with lower proportions of non-Hispanic Blacks (15 %) and Hispanics (6 %).
SRE prevalence measure
Among the entire cohort, the proportion of patients with RAD, PF, SCC, and BS were 30, 25, 10, and 8 %, respectively. Of the 4176 patients with an SRE, the proportion of patients with RAD, PF, SCC, and BS were 66, 53, 13, and 14 %, respectively. Table 2 presents how these estimates change if the 'alternative' SRE definition was used. Varying the code definition from 'base case' to 'alternative' resulted in an 8 % increase in the overall SRE prevalence. Sixty nine percent of mPC patients experienced more than one SRE type during the 1.5 year median follow up period (Fig. 2) .
SRE cumulative incidence measure
Cumulative incidence is defined as the number of SREs occurring during the follow up period (median = 1.5 years). Table 3 presents the impact of varying the window length on the SRE cumulative incidence by SRE type. Using the 21-day window, a total of 12,930 SRE episodes were observed during follow up, with RAD, PF, SCC, and BS constituting, respectively, 38, 50, 7, and 5 % of SRE episodes. Varying the window length from 21 days to 28 days resulted in an 8 % decrease in SRE cumulative incidence (RAD: 10 %, PF: 8 %, SCC: 6 %, BS: 0.002 %). Varying the window length from14 days to 28 days resulted in a 20 % decrease in SRE cumulative incidence (RAD: 25 %, PF: 18 %, SCC: 16 %, BS: 0.1 %). The median (mean) number of SREs experienced by mPC patients was 2 (3.1) events during follow up. This was primarily driven by PF since the median (mean) number of PF per patient was 2 (2.9) episodes. Each patient had a mean of 1.1 episodes of BS during follow up.
The median (mean) time from mPC diagnosis to the first SRE was 154 (335) days using the 'base case' definition and 133 (303) days using the 'alternative' definition. In addition, the median (mean) time from the first SRE to the second SRE was 21 (177) days using the 'base case' definition and 26 (192) days using the 'alternative' definition. The median (mean) time from mPC diagnosis to death was 566 (729) days using the 'base case' SRE definition and 568 (734) days using the 'alternative' SRE definition.
Discussion
The goal of the study was to quantify the differences in prevalence and cumulative incidence of SREs based on different measurement approaches for a clinically welldefined population of men using health care claims data. Our findings suggest that SRE prevalence and cumulative incidence obtained from administrative claims data can be affected by the methods used to estimate these measures. For example, the prevalence of SREs varied depending upon the types of ICD-9-CM and HCPCS codes used to identify SREs from claims. While all SRE subtypes were impacted by the codes used, PF was the driver of the variability in the overall SRE prevalence. Our findings also suggest that the window length used to cluster SRE claims into a single SRE affects the cumulative incidence of individual SREs, particularly RAD. This may probably be the case because RAD is given in cycles lasting generally for two to four weeks. Therefore, it is not uncommon to observe multiple RAD claims in a one-month period making the RAD measure highly sensitive to the window length.
Given that metastasis to the bone from various cancers is a major contributor to patient morbidity and mortality, significant efforts have been made to develop therapies to mitigate and alleviate complications of bone metastasis, known collectively as SREs. Significant progress has been made over the years with bone targeted therapies, as determined by RCTs, which has led to the widespread use of such therapies in advanced cancers. To better understand the impact of these treatments when applied outside the context of clinical trials, where by necessity the experience is confined to limited numbers of patients who are rigorously selected, observational studies have proven invaluable. Despite some of the inherent limitations associated with observational studies, they provide important information when therapies developed via RCTs are taken to the real world setting and can help inform healthcare decisions and policy. Therefore, using mPC as a model, we undertook the present study to determine whether and how SRErelated data may be affected by certain parameters, such as codes and window lengths, that define the boundaries of the SRE-related observational datasets. Investigators have used different approaches to identify SREs from claims. Figure 1 illustrates the various approaches in the literature used to identify SREs from claims. For PF, two approaches have been used. The more specific approach was to use codes indicating 'pathological fracture' [15] , while the second and more sensitive approach was to use codes indicating 'pathological fracture' or 'other fracture' (if there were no concurrent claims with codes suggesting trauma or accident, excluding accident codes for routine activity 'falls on the same level') [11, 13, 14, 17, 19] . When identifying SCC, some investigators exclusively used 'unspecified disease of spinal cord' diagnosis code [14, 19] . Others have included additional ICD-9-CM diagnosis codes such as 'spondylogenic compression' and 'intervertebral disc disorder with myelopathy' and/or procedure codes indicating 'laminoplasty' or 'decompression of spinal cord.' [11, 15] For RAD, investigators who aimed for high sensitivity included any claim indicating receipt of radiation or a radiation-related procedure (examples include 'medical radiation physics consultation, ' 'computed tomography guidance for placement, ' and 'radiation calculations') [12] . On the other hand, investigators aiming for higher specificity only used claims indicating radiation delivery in the form of EBRT [17] , sometimes with radiopharmaceuticals [14] . Some investigators required receipt of RAD from a 'radiation oncologist' or a 'therapeutic radiologist' [13] . Other investigators considered RAD only when the claim was concurrent with a bone metastasis, PF, SCC, or bone pain [11] . Similar to PF, some investigators required that BS be identified as an SRE if it was not preceded by an accident or trauma in the 14 days prior to the surgery [11] . Additionally, a few investigators have addressed the issue of how to handle multiple types of SRE claims that occur on the same day by imposing a hierarchy in which SREs viewed as clinical events (i.e., PF and SCC) take precedence over SREs viewed as treatment events (i.e., RAD and BS). For example, RAD or BS would only be counted if there were no claims for PF or SCC on the same day [11, 15] . Given the great degree of variation in the approaches to identify different SRE types, this study investigates the consequences of various approaches and quantifies the variation in prevalence and cumulative incidence measures that can occur depending upon the approach used to study such events.
This study has several limitations. The algorithms used to identify SREs in this study have not been validated and are subject to further research. In another setting, A Danish study validated the ICD-10 coding of bone metastasis and SREs in 100 prostate cancer patients in the National Registry of Patients against medical chart review data and found that the sensitivity of ICD-10 codes ranged from 44-55 % and specificity ranged from 94-100 %. The authors view these numbers to represent sufficient sensitivity and high specificity. [26] Identifying SREs from claims is not a straightforward task because there is no billing code for SREs. The RAD measure represents a particular challenge for estimating the true prevalence of RAD from claims data. This is evident by the variability in the estimates using different claims and is an important finding of this study. We believe the main reason for that variability is that the RAD measure may identify receipt of radiation as local treatment of the prostate instead of the bone. We have attempted to minimize the potential for overestimating the prevalence by only assessing patients whose cancer has metastasized and are therefore, more likely to have radiation administered to metastatic sites. For patients with incident mPC, the initial treatment tends to be androgen deprivation therapy, with radiation to the primary site being less likely (unless significant local complications such as obstructive uropathy, hematuria or locoregional pain occur from the cancer within the prostate gland during the course of the disease). Thus, the RAD measure in Medicare claims among mPC patients is more likely to reflect radiation therapy to treat bone metastasis related issues. We also minimized the potential for overestimation by identifying radiation techniques more likely to be administered to the bone (EBRT and radiopharmaceuticals) as opposed to the prostate gland consistent with the literature [14, 17] . Among patients with mPC, a small proportion may have oligometastatic prostate cancer and may receive radiation to the prostate with a curative intent [27] . However, these patients constitute very small numbers and their inclusion in the study sample is not likely to impact the findings. Nevertheless, the lack of radiation site specifications in the claims data represents some of the limitations inherent in the RAD measure when using claims.
The PF measure can also pose challenges. While there are specific ICD-9 diagnosis codes that indicate "pathologic fracture" and others that specifically indicate "other fractures" in the 'musculoskeletal and connective tissue chapter' of the ICD-9-CM handbook, there is confusion as to which set of codes to include when defining cancer-related fractures and osteoporosis-related fractures. The definition of "pathologic fracture" according to the American Hospital Association coding manual used by physicians in the U.S. is a "break in a diseased bone due to weakening of bone structure by pathologic processes without identifiable trauma" (http://www.eicd.-com/guidelines/default.htm). However, Curtis et al recommend including pathologic fractures in the definition of osteoporosis-related fractures because physicians can interpret one of the pathologic processes to be osteoporosis [24] . Similarly, there is a potential for oncologists to miscode pathologic fractures due to cancer as "other fractures." Therefore, for PF a more sensitive measure may be more appropriate when using claims. For SCC, the use of all procedure codes that involve decompression of the spinal cord, as well as the more specific diagnosis codes, may be more accurate since many of the previously used diagnosis codes were not specific to SREs. Additionally, this study did not include younger patients (<66 years) diagnosed with incident mPC or elderly patients who were initially diagnosed with nonmetastatic disease but developed bone metastasis during follow up. Moreover, the study population included patients with M1 disease, not specifically M1b disease making the denominator larger and potentially underestimating the true prevalence and cumulative incidence of SREs.
Conclusions
Using different claims-based approaches to study the burden of SREs can yield different estimates. We found that SRE prevalence was affected by the codes used, with PF being most impacted. The overall SRE cumulative incidence was affected by the window length used, with RAD being most affected. These results underscore the importance of the baseline definitions used to study claims data when attempting to understand relevant clinical events such as SREs in the real world setting. Over the past 30 years, both RCTs and observational studies have played critical roles in informing treatment decision making for patients with mPC. Measurement approaches employed in RCT may not translate readily to the observational study setting when using health care claims data. In addition, the patterns of utilization associated with clinically diagnosed conditions may differ between the trial and observational study setting, further complicating the task of identifying SREs based on utilization data using approaches employed in RCTs. Anchoring on the approach used in the trial settings, we provide a proof of concept investigation of the implications of different measurement approaches for prevalence and cumulative incidence estimates in a clinically well-defined population of older men. Building on these findings to develop validated algorithms for use in the observational study setting will bring needed consistency to the measurement of SREs using administrative claims data. A consistent approach for assessing SREs in administrative claims will not only improve comparability across studies but also has the potential to address questions relevant to comparative effectiveness research in the area of bone metastasis.
